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Molybdenum disulfide (MoS,) may be a promising alternative for lithium ion batteries (LIBs) because it offers
a unique layered crystal structure with a large and tunable distance between layers. This enables the
anticipated excellent rate and cycling stability because they can promote the reversible lithium ion
intercalation and de-intercalation without huge volume change which consequently prevents the
pulverization of active materials during repeated charge and discharge processes. Herein, we prepared
hierarchical MoS,-carbon (MoS,-C) microspheres via a continuous and scalable ultrasonic nebulization
assisted route. The structure, composition, and electrochemical properties are investigated in detail. The
MoS,-C microspheres consist of few-layer MoS, nanosheets bridged by carbon, which separates the
exfoliated MoS; layers and prevents their aggregation and restacking, thus leading to improved kinetic,
enhanced conductivity and structural integrity. The novel architecture offers additional merits such as
overall large size and high packing density, which promotes their practical applications. The MoS,-C
microspheres have been demonstrated with excellent electrochemical performances in terms of low
resistance, high capacity even at large current density, stable cycling performance, etc. The electrodes
exhibited 800 mA h g™ at 1000 mA g~ over 170 cycles. At a higher current density of 3200 mA g%,
a capacity of 730 mA h g~* can be also maintained. The MoS,—C microspheres are practically applicable
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DOI: 10.1039/c6ta03510e not only because of the continuous and large scale synthesis via the current strategy, but also the
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1. Introduction

Surging clean energy demands and great market potential have
been continuously promoting the development of electro-
chemical energy storage (EES). Lithium ion batteries (LIBs) are
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during charge and discharge (lithiation/delithiation) processes.
Transition metal oxides or sulfides'*™* are promising electrode
materials with advantages such as low cost, easy synthesis and
environmental friendliness. Unfortunately, these compounds
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normally suffer from poor conductivity, solubility into the
electrolyte, aggregation, etc., and their commercial availability
is thus greatly restricted.

Molybdenum disulfide (MoS,) delivers a theoretical lithium
ion capacity of 670 mA h g~ " and has been extensively investi-
gated for electrochemical energy storage because of its unique
layered crystal structure, featuring Mo atoms sandwiched
between two layers of closely packed S atoms, linking the MoS,
layers by a weak van der Waals interaction.”>"” The large and
tunable distance between adjacent layers enables the antici-
pated excellent rate and cycling stability because they can
promote the reversible lithium ion intercalation and de-inter-
calation without a huge volume change and consequently
prevent the pulverization of active materials during repeated
charge and discharge processes. However, bulk or nanoscale
MosS, suffers from poor conductivity for electron/ion transfer,
which is responsible for severe capacity loss after a few cycles.
Moreover, the MoS,-based electrodes provide high capacity
through similar electrochemical redox reactions with lithium
sulfide batteries in essence, which may also lead to their
degradation by the polysulfide shuttling effect.'®*

To overcome these barriers, numerous efforts have been
directed towards rational design and fabrication of MoS,
nanostructures with optimized electrochemical performance
compared to their bulk counterparts.”**” One effective strategy
is to make MoS, into a few expanded layers, which provides
a larger surface area, shorter lithium ion diffusion path and
thus improved kinetics. Hierarchical MoS, microspheres*® or
microboxes*?*® composed of few-layered nanosheets are there-
fore developed with enhanced electrochemical properties for
lithium storage. In addition, supporting carbon materials show
great potential for electrochemical energy storage applica-
tions*** because they exhibit several interesting properties,
including high electrical conductivity, excellent stability, large
surface area and tunable porous structure. Up to date, a variety
of carbon-based materials such as graphene,**** CNTs,*” porous
carbon,® etc., have been widely applied as either supporting or
conducting agent in electrodes for much improved electro-
chemical performance in terms of stability and capacity. The
development of advanced composite materials built of well-
controlled nanostructured MoS, and carbon has also been
a very active research topic.**** Combining conductive carbon
with MoS, has been proved to enhance the electron transport,
cycling stability and structural integrity during the lithium ion
insertion/extraction processes. Most recently, a new two-
dimensional MoS, with a chemically synthesized mesoporous
carbon hybrid nanoarchitecture was designed for LIBs, with
an ideal MoS,/mesoporous carbon atomic interface in which
single layer MoS, and mesoporous carbon are sandwiched in
an alternating sequence.* The nanoarchitecture showed excel-
lent electrochemical performance, indicating the unbeatable
advantages of nanoscale engineering.

Nevertheless, complicated procedures are frequently involved
in the synthesis of these nanoarchitectures, which are not practi-
cally applicable for continuous and large scale production.
Herein, we prepared unique hierarchical MoS,-carbon (MoS,-C)
microspheres via a facile continuous and scalable ultrasonic
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nebulization route. The hierarchical MoS,-C microspheres consist
of few-layer MoS, nanosheets bridged by carbon, which separates
the exfoliated MoS, layers and prevents their aggregation and
restacking. The novel architecture offers additional merits such as
overall large size and high packing density, which promote their
practical applications. The as-prepared MoS,-C microspheres
demonstrate excellent electrochemical performance in terms of
low resistance, high capacity even at large current density, stable
cycling capacity, etc. Specifically, the electrodes exhibited around
800 mA h g~ " at 1000 mA g™ " over long cycles. At a higher current
density of 3200 mA g ', a capacity of 730 mA h g~ ' can be
maintained. The MoS,-C microspheres are of practical potential
because of not only the continuous and large scale synthesis via
the current strategy, but also the robust and integrated architec-
ture which ensures excellent electrochemical properties.

2. Experimental section
Synthesis of hierarchical MoS,-C microspheres

The MoS,-C microspheres were synthesized by a continuous
and scalable ultrasonic nebulization method (Fig. S1t). The
precursor solution was prepared by adding 0.3 g Na,MoO,-
2H,0, 0.4 g (NH,),CS and 0.3 g citric acid into a bottle with
30 ml distilled water. Then the pH of the solution was adjusted
to 3. After the solution was nebulized via an ultrasonic nebuli-
zation device, the droplets were formed and carried into a tube
furnace (600 °C) by a continuous flow of argon. The annealed
products were collected in a sample collector. By washing with
distilled water and centrifuging at 12 000 rpm for 8 min, MoS,~-
C microspheres were obtained after the removal of residual acid
and precursors from annealed products.

Characterization

The phase and structure of the obtained products were deter-
mined on a Rigaku MiniFlex II X-ray powder diffractometer with
Cu Ka radiation (A = 1.5418 A). The operation voltage and
current were kept at 40 kv and 30 mA, respectively. The size,
morphology and lattice parameters were determined by trans-
mission electron microscopy (TEM, JEOL JEM 2010) operating
at an accelerating voltage of 200 kV; scanning transmission
electron microscopy (STEM, JEOL 2010 FEG TEM STEM with
Oxford EDS) and scanning electron microscopy (SEM, Models
4300 and 4800, Hitachi). Energy-dispersive X-ray spectroscopy
and elemental mapping were taken on transmission electron
microscope. Raman spectra were collected using a Reinshaw
Raman microscope with 632.8 nm (1.96 eV) laser excitation.
Fourier transform infra-red (FTIR) spectroscopy was obtained
on a Bruker Vertex 80v optical bench. The Brunauer-Emmett-
Teller (BET) surface area was recorded by a Micromeritics ASAP
2020 using standard N, adsorption and desorption isotherm
measurements at 77 K. Thermogravimetric analysis (TGA, Per-
kin-Elmer Pyris 1) was carried out in the temperature range
25-700 °C at a heating rate of 10 °C min~ " in air and X-ray
photoelectron spectroscopy (XPS) was recorded using a Thermo
K-Alpha spectrometer equipped with a monochromatic Al Ko
X-ray source.

This journal is © The Royal Society of Chemistry 2016
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Electrochemical test

The electrochemical performance was evaluated by galvano-
static charge/discharge cycling on a LAND CT2001A multi-
channel battery testing system at room temperature using 2032-
type coin cells, which were assembled in an argon-filled dry
glovebox (Vigor Gas Purification Technologies, Inc.) with trace
amounts of oxygen and moisture below 1 ppm. The working
electrodes were prepared by casting the slurry (80 wt% of active
material, 10 wt% of carbon black, and 10 wt% of polyacrylic acid
binder) on nickel foam (MTI). The electrode loading amount
was around 3.0 mg. The counter electrode was made of lithium
metal. The electrolyte was composed of 1 M LiPF, in a mixture
of ethylene carbonate and dimethyl carbonate (1 : 1 by volume).
Specific capacity is calculated based on the mass of active
material. Cyclic voltammetry curves of the prepared coin cells
were obtained on a VersaSTAT 4 with a scan rate of 0.2 mV s~ .
The electrochemical impedance spectroscopy of fresh coin cells
and coin cells after cycling was recorded on a CHI-680A (CH
Instruments, Inc) electrochemical workstation using zero bias
potential.

3. Results and discussion

The shape and morphology of the hierarchical MoS,-C micro-
spheres were firstly characterized by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
as shown in Fig. 1. The MoS,-C microspheres display a wide
size distribution from several hundred nanometers to microns
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with well-defined spherical shape (Fig. 1a and S2t), which is
attributed to the droplets formed with random sizes. A close
TEM shot (Fig. 1b and c) on a single sphere reveals the nature of
assembly of these microspheres by MoS, nanosheets. We
deduce that the greyish area between MoS, nanosheets is filled
with amorphous carbon, which is further interpreted in the
following part. The high resolution TEM results (Fig. 1d) further
confirm the layered structure of MoS, nanosheets with
a distance of 0.64 nm between adjacent layers, corresponding to
the (002) lattice plane. The slightly enlarged layer spacing
indicates the less ordered structure and confinement of MoS,
nanosheets compared with their bulk counterpart, which may
facilitate the insertion of lithium ions during electrochemical
reaction and therefore ensures the deep utilization of active
materials. Another group of clear lattice fringes corresponding
to the (100) plane can also be observed with a distance of
0.27 nm. As shown in Fig. 1e, the fast Fourier transform (FFT)
derived from Fig. 1d shows two dominant crystal planes of (002)
and (100) and their crystal structure schemes are presented in
Fig. 1f, corresponding to the viewpoint from the b and c axes,
respectively. The layered crystal structure of MoS, can be
generally described as Mo atoms sandwiched between two
layers of closely packed S atoms and the MoS, layers are linked
by a weak van der Waals interaction, leading to a large and
tunable distance between layers. Dark field STEM images with
different magnifications present the contrast between Mo and
C, indicating blurry carbon distributed homogeneously among
the MoS, nanosheets (Fig. 1g and S31). The elemental maps

Fig.1 Morphological and structural characterizations. (a) SEM image; (b, c) close shot of a single sphere and detailed microstructure observed by
TEM,; (d) high resolution TEM image and (e) corresponding FFT pattern; (f) crystal structure observed from b and c axes, corresponding to the two
ringsin (e); (g) STEM image of a single microsphere; (h) over-lapped elemental maps of Mo, S taken using STEM and (i) elemental linescans of Mo,

S and C at high magnification.

This journal is © The Royal Society of Chemistry 2016
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taken using STEM again demonstrate that the Mo and S are
distributed uniformly along the nanosheets (Fig. 1h). The ratio
of Mo : S is determined to be 1 : 2 as shown in Fig. S4, which
agrees with the stoichiometry of MoS,. The elemental line-scan
obtained at high magnification further discloses the distribu-
tion of different elements along the selected region (Fig. 1i). The
signals of Mo, S, and C decrease geometrically towards the
surface of microsphere.

The crystallinity of the as-prepared hierarchical MoS,-C
microspheres was revealed by X-ray diffraction (XRD) as shown
in Fig. 2a. All of the identified peaks can be readily assigned to
the standard hexagonal MoS, (JCPDS 37-1492). The obvious
broadness of all the peaks in the XRD pattern indicates the
nanoscale crystallites, which is consistent with the TEM
observation. It is noteworthy that the 26 of the (002) diffraction
peak was shifted to a lower angle, corresponding to an
increased interlayer distance of the (002) plane. The limited
number of S-Mo-S layers also led to clear differences shown
using Raman spectroscopy, which has been applied as a reliable
diagnostic technique to investigate the ultrathin nature of MoS,
nanosheets. Fig. 2b shows the typical Raman spectra of the
hierarchical MoS,-C microspheres and bulk MoS, materials
excited with a 532 nm laser at room temperature. The insets
illustrate two typical vibrations of the S-Mo-S interaction and
movement, in which the in-plane E}, mode can be assigned to
an opposite vibration of the Mo atom with respect to two S
atoms, and the A;, mode is ascribed to the out-of-plane vibra-
tion of S atoms along opposite directions."*® A negligible shift
can be seen for the frequency at about 380 cm™ ', indicating
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a similar in-plane vibration behavior of both MoS,-C micro-
spheres and bulk MoS,. On the contrary, the A, peak shifts
from 406.7 cm ™ * for the bulk MoS, to 404.1 cm ™! for the hier-
archical MoS,-C microspheres. The few-layer nature leads to
reduced interlayer van der Waals interactions and therefore
results in an obviously increased out-of-plane atom vibration
(A;g) along the ¢ axis which has a limited impact on the in-plane
vibration (E3,). A TGA technique was further applied to deter-
mine the amount of carbon in the composite. No obvious mass
difference is presented up to 100 °C as shown in Fig. 2c. The
formation of MoO; from MoS, and the combustion of carbon in
O, flow occur in the same temperature range 300-400 °C,
leading to the main loss of 23 wt%. The oxidation of MoS, is
revealed by a small platform at 320 °C. By assuming that the
final product after 400 °C is MoO3, the weight fraction of carbon
in the initial sample can be simply estimated to be about 15%.
FTIR spectroscopy was carried out to investigate the detailed
chemical bonding information in the composite (Fig. 2d).
Characteristic peaks of carbon centered at 2913, 1630, 1412,
1140 and 1030 cm™ ' can be assigned to different vibrations of
C-H, C=C, COO, C-0 and C-C, respectively.*’

XPS of the hierarchical MoS,-C microspheres was also
carried out to analyze their composition. As shown in Fig. 3a,
Mo, S, and C can be readily indexed in the XPS survey spectra.
High-resolution XPS spectra of Mo (Fig. 3b) displays two char-
acteristic peaks of Mo 3d;,, and Mo 3ds,, centered at 232.5 and
229.5 eV, respectively, which are assigned to Mo*" in Mo0S,.'5%° A
minor peak belonging to S 2s can also be observed next to Mo
3ds,. The peaks located at 163.5 and 162.3 €V in the fine scan of
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Fig. 2 (a) XRD pattern; (b) Raman spectra with insets indicating the two different vibration modes; (c) TGA profile and (d) FTIR spectra of the

hierarchical MoS,—-C microspheres.
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Fig. 3 (a) XPS survey spectrum of the hierarchical MoS,-C microspheres and the corresponding high-resolution XPS scans of (b) Mo 3d, (c) S 2p

and (d) C 1s.

S 2p (Fig. 3c) are attributed to the S 2ps,, and S 2p,/, compo-
nents. A high-resolution spectrum of C 1s was also recorded as
shown in Fig. 3d. Carbon species of C-C, C-O, C=O0 can be
determined by fitting the XPS profile, which is in good agree-
ment with the FTIR results, indicating the successful prepara-
tion of MoS,-C composites.

Full N, adsorption-desorption isotherms on the hierarchical
MoS,-C microspheres were measured to reveal the pore size
distribution and specific surface area of these microspheres. As
shown in Fig. 4a, the isotherms of MoS,-C microspheres display
a quasi IV isotherm characteristic of mesoporous mate-
rials."®*>* The Brunauer-Emmett-Teller specific surface area of
MoS,-C microspheres is determined to be 78 m* g~ '. The pore
size distribution (Fig. 4b) calculated using the Barrett-Joyner-
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Halenda model shows two obvious peaks at 2.6 and 10.0 nm,
respectively. The relatively large mesopores can be ascribed to
mesoporous channels in the MoS,-C microspheres resulting
from a mutual crisscross space of the assembly and restacking
hierarchical architecture. Meanwhile, the smaller mesopores
may be attributed to the carbon itself. The novel architecture
leaves plenty of space for accommodating the volumetric
expansion during the lithiation process as well as channels for
the mass transport, which are two critical factors for the
enhancement of the power/energy density of LIBs.

The obtained nanoarchitecture featuring few-layer MoS,
nanosheets bridged by mesoporous carbon has unique advan-
tages as an anode material for LIBs: (1) separated MoS, nano-
sheets by carbon can prevent aggregation and restacking during
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Fig. 4 (a) Nitrogen adsorption—desorption isotherms of the hierarchical MoS,—-C microspheres at 77 K; and (b) corresponding pore size

distribution.

This journal is © The Royal Society of Chemistry 2016

J. Mater. Chem. A, 2016, 4, 9653-9660 | 9657


http://dx.doi.org/10.1039/c6ta03310e

Published on 25 May 2016. Downloaded by University of New Mexico on 12/18/2018 8:10:05 PM.

Journal of Materials Chemistry A

lithiation/delithiation and simultaneously improve the elec-
tronic conductivity; (2) void space can facilitate the mass
transport and accommodate the volume change; (3) the micro-
size nature enables a higher packing density over nanoparticles.
With these merits in mind, the electrochemical behavior of the
MoS,-C microspheres as anode materials for LIBs was investi-
gated. The first five CV scans of the hierarchical MoS,-C
microspheres are displayed in Fig. 5a. Two clear reduction
peaks centered at around 1.0 and 0.4 V in the first cathodic
sweep can be observed. The peak (#1) at 1.0 V can be assigned to
the insertion of Li" into MoS, interlayers to form Li,MoS,,
leading to a phase transformation of MoS, from trigonal pris-
matic to octahedral structure.” The peak (#2) at 0.4 V may
involve the further conversion reaction of MoS, (MoS, + 4Li —
Mo + 2Li,S).**** In the following four cathodic scans, different
discharge profiles are obtained with two peaks at 1.9 V and 1.2
V, which can be attributed to the reduction of sulfur (2Li* + S +
2e” — Li,S) and intercalation of Li* (MoS, + xLi" + xe~ —
Li,MoS,), respectively.*>*>>* It is noteworthy that the insertion
of Li" appears at higher voltage, indicating a quicker electro-
chemical response. The reduction peak current of sulfur is
slightly increased with cycling, which may be due to an activa-
tion process of the electrode materials. In the reverse anodic
sweep, we observe an obvious oxidation peak (#3) at 2.33 V,
which is attributed to the delithiation of Li,S (Li,S — 2Li" + S +
2e”). Meanwhile, a broad and weak peak at 1.70 V can be seen,
indicating the partial oxidation of metallic Mo.>> A negligible
peak shift related to the Li,S/S reaction is observed, showing the
good reversibility of hierarchical MoS,-C microspheres. The
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Fig. 5 Electrochemical performance of the hierarchical MoS,—C microspheres. (a) CV scans for the initial five cycles at 0.2 mV s~

discharge curves for the first three cycles at 200 mA g~ (c) rate capacity
performance of the hierarchical MoS,—C microspheres at 1000 mA g%,
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first three charge and discharge profiles of the hierarchical
MoS,-C microspheres at a current density of 200 mA g~ " in the
voltage range of 0.01 and 3.0 V are displayed in Fig. 5b. The
initial discharge and charge capacities are determined to be
1200 mA h g " and 980 mA h g7, respectively. A corresponding
coulombic efficiency of 81% is obtained and the irreversible
capacity loss in the first cycle is mainly attributed to the
formation of a solid electrolyte interface (SEI) layer.”*** The
inflection voltage and platforms assigned to different electro-
chemical reactions are readily found, which are in good agree-
ment with the CV results. The coulombic efficiency rapidly
reaches ~97% in the second cycle and is maintained above
99.5% in the following cycles, indicating the efficient transport
of electrons and reversible insertion/extraction of Li" in the
hierarchical MoS,-C microspheres. The stability of the hierar-
chical MoS,-C microspheres was also investigated in terms of
rate and cycling capability retention (Fig. 5¢ and d). The coin
cells are subject to the rate capacity test at different current
densities from 200 to 3200 mA g~ ". Typical ladder-like profiles
can be observed and the corresponding discharge capacities
of the hierarchical MoS,-C microspheres are 917, 886, 855,
803, and 731 mA h g™ ' at current densities of 200, 400,
800, 1600, and 3200 mA g ', respectively. By resetting the
current density to 200 mA g~ ', the discharge capacity can be
rebounded to about 990 mA h g *, indicating the robust nature
of hierarchical MoS,-C microspheres. Remarkably, the rate
performance is superior over recently reported MoS, nano-
spheres,™ nanoflowers® or nanosheets,*® etc., due to the favor-
able characteristics of the nanoarchitecture as anode materials.
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Fig. 6 EIS spectra of the hierarchical MoS,-C microspheres before
and after 110 charge and discharge cycles at 1000 mA g™,

To demonstrate the long cycling stability at a high current
density, the hierarchical MoS,-C microspheres are also tested at
1000 mA g . It is found that the capacity eventually increases to
780 mA h g~ at the 100" cycle at 1000 mA g~ *, which may be
ascribed to the activation of electrode materials. The gravi-
metric energy density of the electrodes was calculated to be 2340
Wh kg . The high coulombic efficiency of 85% is calculated for
the initial cycle, indicating efficient and fast mass transport. It
is believed that the introduction of carbon may change the SEI
formation behavior by forming a stable SEI layer on the carbon
instead of the transition metal compounds, which prevents the
repeated cracking and formation processes.>”*®

The electrochemical impedance spectroscopy (EIS) of the
hierarchical MoS,-C microspheres before and after 110 charge
and discharge cycles (at 1000 mA g~ ') was evaluated, as shown
in Fig. 6. The semicircle in the high-frequency region can be
ascribed to the constant phase element of the SEI layer and
contact resistance. The medium-frequency semicircle is related
to charge-transfer impedance and the constant phase element
of the electrode/electrolyte interface. The inclined line is
attributed to Warburg impedance corresponding to the lithium-
diffusion process. It is clearly observed that the diameter of
semicircles is significantly decreased after cycling, which is in
accordance with the activation process. The reduced resistance
can facilitate the ionic and electronic transport in the
composite, which is crucial for Li" insertion/extraction and
therefore excellent electrochemical performance is observed.

4. Conclusions

In this work, hierarchical MoS,-C microspheres have been
successfully designed and fabricated by a facile and scalable
ultrasonic nebulization route. The novel architecture consists of
few-layer MoS, nanosheets bridged with mesoporous carbon,
which offers several distinguished advantages that contribute to
the excellent electrochemical performance. First, the assembly
nature of hierarchical MoS,-C microspheres ensures a relatively
larger pack density over the hollow structures but leaves enough
void space for fast mass transport, enhanced active material-
electrolyte contact area and accommodated volumetric change

This journal is © The Royal Society of Chemistry 2016
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during Li" insertion/desertion. Second, mesoporous carbon
plays multiple roles in enhancing performance. It not only
improves the conductivity and thus the charge transfer, but also
restricts polysulfide shuttling of intermediate polysulfides
resulting from the intrinsic sulfur reaction. Therefore, the
MoS,-C microspheres have delivered excellent electrochemical
properties such as low resistance, high rate capacity, stable
cycling capacity, etc. Specifically, the electrodes exhibited
around 800 mA h g~ " at 1000 mA g * over long cycles. At higher
current density of 3200 mA g™, a capacity of 730 mA h g~" can
be also maintained. The MoS,-C microspheres are of practical
potential not only because of the continuous and large scale
synthesis via the current strategy, but also the robust and
integrated architecture which ensures its excellent electro-
chemical properties. The current synthetic strategy can also be
extended for the fabrication of other anode materials with
heterostructured architectures for high performance LIBs.
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